Soil β-glucosidase (BG), the rate-limiting enzyme in the final step of cellulose hydrolysis, plays a key role in microbial metabolism, carbon (C) cycling and sequestration in terrestrial ecosystems. Biochar application is known to affect soil BG activity; however, most of the biochar studies have focused on the potential activity of BG, and it is not clear how biochar influences the kinetic and thermodynamic behavior of BG in the soil. The objective of this study was to investigate the effect of maize residue biochar on soil BG kinetic and thermodynamic parameters. Soil BG kinetic (V max and K m ) and thermodynamic (E a , ΔH a and Q 10 ) parameters were determined within soils (clayey and sandy loam soils) amended with either maize residue (as positive control) or its biochar (600 °C) at 0.5 and 1.0% ratios (w/w), and the mixtures were incubated for 90 days. BG showed an increase in potential enzymatic activity (81%), enzyme concentration (higher V max value) (25%) and substrate affinity (lower K m value) (32%) in the biochar-amended sandy loam soil only at high addition rates compared with the control, and an increase by about 86% of the catalytic efficiency (V max /K m ). In the clayey soil, biochar addition decreased potential BG activity (by 10-29%), increased the V max value (by 20-25%) and had no impact on enzyme-substrate binding affinity, but still increased the catalytic efficiency by 47-72%. Adsorption of soil BG by biochar particles did not affect the catalytic efficiency in the soil. Generally, application of maize residue biochar to the soil decreased the E a , ΔH a and Q 10 values of BG compared with the negative controls at both biochar rates in the light-textured soil and only at low biochar rate in heavy-textured soil. The direction and magnitude of BG responses (activity, kinetics, and thermodynamics) to biochar were more related to the soil characteristics. Biochar would increase soil BG thermal stability and decrease its sensitivity to increasing temperature and global warming.
Introduction
Diverse soil microbial communities produce β-d-glucosidase (BG, β-d-glucoside glucohydrolase, EC 3.2.1.21); and release it into the soil environment to break down or depolymerize cellulose, the most abundant macromolecule present in dead plant feedstocks (Eivazi and Tabatabai 1988; Turner et al. 2002; Wang et al. 2013) . Through this enzymatic depolymerization, energy and assimilable carbon (C) derived from crystalline cellulosic substrates become available as glucose for soil microorganisms (Knight and Dick 2004; Peregrina et al. 2014) . BG, which is the ratelimiting enzyme in the final step of hydrolysis of cellulosic compounds, widely exists in nature and is frequently found in soil microorganisms, animals and plants (Eivazi and Tabatabai 1988; Knight and Dick 2004) . This C-hydrolyzing enzyme plays a key role in stimulating microbial growth and activity, and the regulation of the global C cycling and C sequestration in soils (Stott et al. 2010; Peregrina et al. 2014) , but its activity is sensitive to agricultural management practices and changes in environmental conditions (AcostaMartínez et al. 2004; Knight and Dick 2004; Zhang et al. 2010; Moscatelli et al. 2012 ) and thus it has been proposed as a good indicator of soil quality (Turner et al. 2002; Knight and Dick 2004; Stott et al. 2010; Moscatelli et al. 2012; Bera et al. 2016) . Application of different organic amendments including biochar can affect the catalytic behavior of soil BG under different environmental conditions, but the effects were depended on different experimental settings such as the type of soil and biochar (feedstock type), biochar production conditions (pyrolysis temperature and duration, particle size), application rate and the duration of the experiment, laboratory or field conditions (Bera et al. 2016; Al Marzooqi and Yousef 2017; Günal et al. 2018; Simarani et al. 2018; Wu et al. 2018) .
Biochar, the end product of pyrolyzed organic feedstocks, can increase (Bailey et al. 2011; Paz-Ferreiro et al. 2014; Kaurin et al. 2018; Simarani et al. 2018) or decrease (Zhang et al. 2015; Bera et al. 2016; Chen et al. 2017; Benavente et al. 2018; Li et al. 2018; Günal et al. 2018; Teutscherova et al. 2018 ) the potential activity of BG, but the underlying mechanisms for this variable response are not well understood. Biochar increases the potential activity of BG and other enzyme activities by improving physical (e.g., aggregation, aeration, water retention), chemical (e.g., pH, nutrient addition) and microbial (e.g., labile carbon, microbial activity and biomass, shifts in microbial community structure) properties of soil (Gul et al. 2015; Al Marzooqi and Yousef 2017; Khadem and Raiesi 2019; Palansooriya et al. 2019) , and by improving interactions between enzymes and substrates, and also due to interactions of enzymes with the biochar surface (Daoud et al. 2010; Lammirato et al. 2011; Lehmann et al. 2011; Gul et al. 2015; Khadem and Raiesi 2019) . Nevertheless, biochar application can also have no effect on soil BG activity (Bailey et al. 2011; Bera et al. 2016; Teutscherova et al. 2018; Chen et al. 2018) . The discrepancy in the responses of soil BG activity to biochar amendment has been ascribed to the differences in soil types, biochar sources, pyrolysis conditions (temperature and duration), addition rate and the experimental conditions (field or laboratory and duration) (Bailey et al. 2011; Paz-Ferreiro et al. 2014; Bera et al. 2016; Teutscherova et al. 2018; Wu et al. 2018; Palansooriya et al. 2019) . However, the effect of biochar on the kinetic and thermodynamic parameters of this enzyme is not known and this knowledge is important to link enzymatic reaction rate to substrate concentration (Tabatabai and Dick 2002; Marx et al. 2005; German et al. 2011) , and provides more information on the nature or status of the active enzyme and catalytic reaction rate (Farrell et al. 1994; Marx et al. 2005) . In addition, the kinetic parameters of an enzyme (i.e., maximal velocity V max and the Michaelis-Menten constant K m ) can give further insights on the amount of active enzyme, the stability and immobilization of the enzyme on supports and the formation/dissociation of enzyme-substrate complex (Tabatabai and Dick 2002; Marx et al. 2005; Wallenstein and Weintraub 2008) . The adsorption and immobilization of enzymes may increase their V max and K m values (Kandeler 1990; Nannipieri et al. 2011; Sun et al. 2014) , with a subsequent reduction in their potential activity. The V max and K m values for β-glucosidase and cellobiosidase (both involved in cellulose hydrolysis) decreased with addition of corn biochar (Jin 2010) ; while those for alkaline phosphomonoesterase increased in heavytextured soils (Khadem and Raiesi 2019) . Addition of different biochars to soil reduced the V max and K m values of the denitrification (Chintala et al. 2015) and those of alkaline phosphomonoesterase activities of sandy loam soils (Khadem and Raiesi 2019) .
Thermodynamic parameters of soil enzymes (i.e., activation energy, E a and temperature coefficient, Q 10 ) can give insights on temperature sensitivity of soil enzymes to predict the response of the enzyme activity to global warming (Trasar-Cepeda et al. 2007; German et al. 2011; Menichetti et al. 2015) . Soil amendment with biochar lowered E a and Q 10 values for several hydrolase activities including BG activity, possibly due to the release of different isoenzymes and to the enzyme adsorption by biochar (Paz-Ferreiro et al. 2015) but increased the E a and enthalpy of activation (ΔH a ) values for denitrifying activity and alkaline phosphomonoesterase activity due to low substrate affinity (Chintala et al. 2015; Khadem and Raiesi 2019) .
The current study was designed to investigate how the kinetic and thermodynamic parameters of soil BG would change with addition of maize residue biochar in two soils with contrasting texture. We hypothesized that the kinetic (V max and K m ) and thermodynamic (E a and Q 10 ) parameters of soil BG would be modified by biochar addition due to adsorption and immobilization of the enzymes on biochar. This study may provide useful information for modeling soil organic matter (SOM) decomposition and C cycling in biochar-amended soil systems.
Materials and methods

Soil and biochar
The soil sample was collected from the top 30 cm of an arable Typic Haplocalcid located northwest of Iran with mean annual temperature of 11 °C and mean annual rainfall of less than 250 mm. The soil was air-dried and sieved (< 2 mm) for homogenization and to exclude large stone and organic fragments. A subsample was initially analyzed for soil texture. The main soil properties are reported in Table 1 . The raw maize stalks were initially air-dried and milled to pass a 2-mm sieve. The biochar was then produced over a 2-h period by slow pyrolysis at 600 °C in a thermal furnace. A more detailed description of biochar production was given by Khadem and Raiesi (2017) . Subsamples of the biochar were analyzed for chemical properties. The main properties of the raw biomass and laboratory-produced biochar are summarized in Table 1 .
Experimental design
The experiment consisted of a completely randomized design with 2 × 2 × 2 factorial treatment combination with four replicates (n = 4). The experimental factors were two soil textures (sandy loam and clayey soils), two organic amendments (maize residue as the positive control and its biochar produced at 600 °C) and two addition rates (low, 0.5% and high, 1.0% w/w). The positive control (unpyrolyzed feedstock) was chosen to evaluate the effects of pyrolysis on BG activity. Soil without amendments (maize residue and biochar) was used as the negative control (CK). The airdried soils (300 g) and amendments were mixed completely, and deionized water was used to adjust soil moisture content at 70% water holding capacity. The amended and control soils were incubated for 90 days at 25 °C. The soil moisture content was maintained constant during the incubation by adding water to compensate water loss during the incubation period.
Soil analysis and BG assay
At the end of the 90-day incubation, we determined soil organic carbon (SOC) concentration as SOM level (Nelson and Sommers 1982) , microbial respiration (MR) as an indicator of microbial activity and microbial biomass C (MBC) as described in Alef and Nannipieri (1995) . The BG activity (activity per dry soil mass) was measured according the conventional procedure described by Alef and Nannipieri (1995) , using p-nitrophenyl β-d-glucopyranoside (pNPG) as synthetic substrate and modified universal buffer (MUB) at pH 6.0. In brief, 1 g of the incubated soil was added to a flask containing 0.25 ml of toluene and 1 ml of 25-mM pNPG. Samples were buffered by adding 4 ml of MUB to stabilize the mixture pH and incubated at 37 °C for 1 h. Subsequently, 1-ml of 0.5-M CaCl 2 and 4-ml of 0.5-M NaOH were added, shaken strongly on a horizontal shaker and filtered. Soil BG activity was determined by measuring the absorbance of the released p-nitrophenyl (PNP) in the filtrate at 400 nm and expressed as μmol PNP g −1 dry soil h −1 . The specific activity (activity per SOC or MBC) was calculated by dividing BG activity by either the SOC (BG/SOC) or the MBC (BG/MBC) values to normalize differences in SOC or MBC contents between treatments (Raiesi and Beheshti 2014).
Kinetic and thermodynamic parameters
The kinetic parameters were determined at different pNPG concentrations (0, 0.005, 0.01, 0.02, 0.03 and 0.05 mM). BG thermodynamic parameters were estimated by measuring the potential enzyme activity (k) at different incubation temperatures (17, 27, 37, 47 and 57 °C) . The activation energy (E a , kJ K −1 mol −1 ) values were then calculated using the Arrhenius equation (Tabatabai and Dick 2002 ) at 37 °C were also calculated (Tabatabai and Dick 2002) . Temperature coefficients or sensitivities (Q 10 ) were calculated according to the formula presented by Menichetti et al. (2015) .
BG adsorption test
The adsorption of BG on biochar surfaces was determined in a preliminary experiment (Bailey et al. 2011; Lammirato et al. 2011) . Maize residue or its biochar (10 mg) without soil (n = 3) were mixed with 4 ml of MUB (pH 6) containing 50 µg ml −1 pure BG obtained from Sigma-Aldrich. The suspension was shaken at room temperature for 15 min and centrifuged at 10,000g for 1 min. The pellet was re-suspended and washed three times with 1 ml of the buffer solution to remove any weakly associated BG, and then re-suspended in 50 ml of buffer solution. The supernatant fractions and washings were collected and the concentration of BG in the supernatant was determined by the Bradford method (Kruger 2002) . The amount of BG adsorbed (BG ads ) by biochar particles or maize residue was calculated from the difference between the initially added BG minus that of the supernatant plus washings:
where BG ads is the amount of BG adsorbed (µg g −1 ), C i is the initial BG concentration (µg ml −1 ) before adsorption, C f is the BG concentration after adsorption, V is the volume of the solution (ml), and B w is the amount of biochar/residue added (g).
Calculations and statistical analysis
The kinetic parameters (i.e., K m and V max values) were estimated using the classical Michaelis-Menten equation (Tabatabai and Dick 2002) by nonlinear regression techniques. The ratio between V max and K m gave the BG catalytic efficiency (Zhang et al. 2010; Moscatelli et al. 2012) . Analysis of variance (ANOVA) was used to test the differences in the measured or estimated variables among the residueamended, biochar-amended and unamended soils. Significant differences among the treatments were estimated using the Tukey's test at P < 0.05. All statistical tests were carried out using the Minitab 16 statistical software (Minitab 2010) .
Results
Soil properties
Biochar addition significantly increased SOM (55-113% in clayey soil and 113-230% in sandy loam soil), MR (62-115% in clayey soil and 75-125% in sandy loam soil) and MBC (76-88% in clayey soil and 109-116% in sandy loam soil) compared with the negative control (CK) without amendment (Fig. 1) . The increases were greater at high than low addition rates for SOM and MR in both soil types but similar at both rates for MBC. Furthermore, the increases in SOM, MR and MBC with biochar addition were greater in the sandy loam than clayey soils. Similarly, addition of uncharred maize residue resulted in a significant increase of SOM, MR and MBC values in comparison with the CK. The biochar treatments had greater increases in SOM than the residue treatments, particularly at high addition rates; while increased MR and MBC were greater in the residue than biochar treatments.
BG sorption and activity
The adsorption test indicated that the adsorption capacity of maize residues for BG increased with charring ( Fig. 2) . Biochar demonstrated a high capacity for BG adsorption (33.1 ± 1.9 μg g −1 biochar), about 6 times higher than the raw residue (5.50 ± 1.1 μg g −1 residue) (Fig. 2 ). With the exception of low biochar addition rate, both amendments stimulated the BG activity (per soil mass) by 43-83% in the sandy loam soil and this stimulating effect was greater in the treatments with higher biochar and residue addition rates (Fig. 3 ). In the clayey soils, addition of biochar lowered the BG activity (by 10-29%), particularly at low rates (by 29%), while residue addition increased BG activity (81-147%) more at high (147%) than low (81%) addition rates (Fig. 3) . Generally, the BG activity increased by increasing rate of biochar and residue additions. The soil BG activity was significantly correlated with MBC (r = 0.74-0.76, P < 0.001) in both soil types; and with SOM and MR (r = 0.61-0.72, P < 0.001) only in the sandy loam soil (Table 2) . Conversely, the specific activity of BG per unit of SOC (BG/SOC) was significantly lower in the biochar treatment than the residue and CK treatments in both soil types (Fig. 3) . Similarly, the specific activity of BG per unit of MBC (BG/MBC) was significantly lower in the biochar treatment than the CK treatment at both addition rates in the clayey soil, and only at low addition rates in the sandy loam soil (Fig. 3) . Both BG/SOC and BG/MBC ratios were similar at both addition rates of biochar, but increased with increasing raw residue addition.
BG kinetic parameters
The BG reaction rate showed the typical Michaelis-Menten kinetic behavior in both soil textures (Fig. S1 ). In the clayey soil, addition of both maize residue and biochar significantly (P < 0.001) increased the V max values of BG (12-14% with residue addition and 20-30% with biochar addition) over the unamended control soil, but had no significant (P > 0.05) influence on the K m values (Fig. 4) . The increases in the V max were greater with biochar (30%) than residue (14%) only at high rates of amendment addition. Similarly, residue and biochar additions increased the V max values in the sandy loam soil only at high addition rates by 19-25% but declined the K m values by 20-44% when compared with the unamended control soil (Fig. 4) . However, the increases in the V max values in the biochar treatments were similar to those in the residue treatments. The V max values of soil BG were correlated positively with SOM (r = 0.72-0.92, P < 0.001), MR (r = 0.75-0.90, P < 0.001) and MBC (r = 0.56-0.60, P < 0.01) in both soils while the K m values were correlated negatively only with MR (r = − 0.55, P < 0.01) and MBC (r = − 0.79, P < 0.001) in the sandy loam soil (Table 2 ). Organic amendments also had a significant influence on the catalytic efficiency (V max /K m ) of BG, depending on soil texture and addition rate. In the clayey soil, the V max /K m values in the biochar treatments were 47-72% higher at both addition rates and in the residue treatments were 34% greater only at high addition rates compared to the control treatment (Fig. 4) . In the sandy loam soil, the catalytic efficiency of BG was enhanced by adding maize residue at both addition rates (77-112%) and by biochar addition only at high addition rate (86%). 
BG thermodynamic parameters
Soil BG activity increased, reaching the maximum at 37 °C and then declined (Fig. S2 ). There was no shift in the optimum temperature of soil BG with biochar application. The temperature dependence of BG activity followed the Arrhenius model up to the maximum (37 °C) (Fig. S2) and thus, the activation energy (E a ) values were calculated considering the temperature range of 17-37 °C valid for the Arrhenius function. Addition of maize residue and its biochar to the sandy loam soil decreased the BG E a values by 55-82%, the ΔH a values by 57-84% and the Q 10 values by 50-64% when compared with the unamended soil (Fig. 5) . However, these decreases were not significant between both residue-and biochar-treated soils and the two application rates. Biochar decreased the BG thermodynamic values only at low addition rates in the clayey soil. The E a and ΔH a values were decreased by increasing rate of biochar addition. Both E a and Q 10 values were negatively correlated with SOM (r = − 0.56 for E a and r = − 0.58 for Q 10 ), MR (r = − 0.81 for both E a and Q 10 ) and MBC (r = − 0.83 for both E a and Q 10 ) only in the sandy loam soil (Table 2) . Moreover, the E a and Q 10 values were correlated negatively with the V max values and positively with the K m values.
Discussion
BG adsorption on biochar
Biochar adsorbed more BG molecules than maize residue due to its higher specific surface area (88.4 m 2 g −1 vs. 5.62 m 2 g −1 ) and porosity. Both biochar and BG carried an overall negative charge. The negative charge of biochar results primarily from the presence of abundant hydroxyl and carboxylic groups on the biochar surfaces (Mukherjee et al. 2011) . Furthermore, the isoelectric point of biochar is typically quite low (Mukherjee et al. 2011; Zheng et al. 2013) . When the pH of immobilization assay (i.e., pH 6) is greater than the isoelectric point, functional groups on the surface of biochar start dissociating, resulting in negative charges (Mukherjee et al. 2011) . Similarly, BG molecules have an average isoelectric point of about 5.5 (Geiger et al. 1998 ) and thus, the functional groups of the enzyme were also negatively charged at pH above the isoelectric point (pH 6). Thus, the resulting electrostatic repulsive force occurred between biochar and BG, which may not explain BG adsorption and immobilization on biochar or maize residue. Binding forces are then probably of other type such as van der Waals force (intermolecular bonding) and hydrogen bonding which are too weak to affect the structure and activity of the enzyme (Quiquampoix et al. 2002) . When van der Waals force is greater than electrostatic repulsive force, BG can be adsorbed by biochar. Therefore, it seems that under the conditions used, the van der Waals forces favor the immobilization of BG on biochar or maize residue. This prevents the active sites of the enzyme from disturbing the enzyme and allows the enzyme to retain its activity (Quiquampoix et al. 2002; Lammirato et al. 2011 ). According to Lammirato et al. (2011) , BG was almost completely adsorbed by chestnut wood char, probably because of non-coulombic forces between uncharged regions of the protein and uncharged regions of the char surface and the complete loss of its potential activity did not occur. Biochar surfaces can also have hydrophobic parts (low H/C and O/C values, Table 1 ), which can interact hydrophobically with the hydrophobic parts of the enzyme molecules (Quiquampoix et al. 2002; Chintala et al. 2014 ). In addition, biochar contains macro-and micropores (Lehmann et al. 2011; Chintala et al. 2014) , which can entrap BG molecules and these entrapped enzymes can be accessible to the substrate. Results showed that the adsorption of BG onto maize residue was lower than that onto maize residue biochar. The greater net negative charges of maize residue, as shown by greater cation exchange capacity (CEC) as a measure of the negative charge of a material (Table 1) , led to larger electrostatic repulsive force compared with its biochar, which was responsible for the lower adsorption capacity of maize residue for BG than biochar.
Impact of biochar on potential BG activity
Response of BG activity to biochar in the sandy soil was different from that in the clayey soil, supporting that the sensitivity of BG activity to biochar addition depends on the soil texture. The potential BG activity increased only at 1% addition rate of biochar in the sandy loam soil, confirming what was already reported in sandy (Al Marzooqi and Yousef 2017) or sandy loam (Kumar et al. 2013; Paz-Ferreiro et al. 2014; Simarani et al. 2018 ) soils amended with different types and rates of biochars produced at different temperatures. The increased activity of BG could be attributed to the addition of easily degradable organic compounds to the sandy loam soil with low SOM content and substrate availability (Table 1) ; thus, probably, the soil microbial community was C limited. This is also supported by the significant correlation of soil BG activity with SOM content only observed in the sandy loam soil (Table 1 ). In addition, BG could be synthesized and released during the incubation of the sandy loam soil due to the improvements in microbial activity and biomass. This explanation is supported by the significant correlation of soil BG activity with MR and MBC ( Table 1) . Addition of the readily available constituents of biochar (especially sugars, cellulose and proteins) may stimulate microbial activity and biomass, which should increase enzyme production and activity constitutively (Wu et al. 2013; Ouyang et al. 2014 ). The increased microbial activity and biomass contributed to the synthesis of BG or the loosely adsorbed BG on biochar surfaces may retain its catalytic structure and activity (Lammirato et al. 2011) . BG adsorption on biochar surface provides a good protection from proteolysis, and permitted the retention of its activity (Lammirato et al. 2011) . It, therefore, appears evident that and soils amended with maize residue and its biochar. Values are mean ± standard errors (n = 4). Different letters represent significant differences between treatments by Tukey's test at α = 0.05 BG or even substrate sorption onto biochar could only have a minor influence on its catalytic reaction in the selected light-textured soil.
In contrast, biochar had a negative effect on the BG activity in the clayey soil. This result agrees with the findings of Zhang et al. (2015) , who reported a decrease in BG activity in response to the amendment of the biochars (1.5%) obtained from the slow pyrolysis of three feedstocks at 550 °C in a fine-textured clay soil during 206 days of a greenhouse experiment. BG activity also decreased in biochar-amended soils with medium and coarse texture (Wu et al. 2013; Chintala et al. 2014; Bera et al. 2016; Li et al. 2018; Günal et al. 2018; Teutscherova et al. 2018) . Conversely, addition of corn biochar to an alkaline clay soil enhanced the activity of BG due to the stimulation of microbial activity (Wu et al. 2018) . The decline in GB activity may be less likely due to the affinity of biochar surface (Chintala et al. 2014 ) and more likely clay particles through hydrophobic or non-polar interaction, for readily available C substrates that make them unavailable for mineralization by the soil microbial community.
The differential response of the BG activity to biochar in clayey and sandy loam soils could be primarily due to the differences in clay contents, organic matter levels, N contents and cation exchange capacity (Table 1 ). The clayey soil initially had five times greater clay (52% vs. 10%) and almost two times higher SOM (0.73% vs. 0.38%) than the sandy loam soil (Table 1) . This indicates that additional reactive surfaces of various adsorbents (biochar, clay particles and humus fractions) could have increased the total adsorption capacity of the clayey soil for BG and substrate with the subsequent decline of BG activity. The oxidized biochar surfaces with high carboxyl groups and porosity may chemically interact with the functional groups of clay minerals and native SOM (Brodowski et al. 2005; Fang et al. 2014a ) and these interactions could have decreased 1 3
BG activity through the stabilization of enzyme molecules by biochar-humus-clay complexes and even encapsulation within the soil organo-mineral complexes over time. Lammirato et al. (2011) observed a 30% decrease in BG activity in the presence of chestnut wood biochar obtained at 450 °C. This decrease in enzyme activity was a consequence of surface adsorption of the BG substrate (cellobiose) on the chestnut wood char rather than a decrease in BG activity. Therefore, it is possible that the substrate sorption would largely determine the effective enzymatic activity of BG in the clayey soil. The reduction of BG activity in the presence of biochar might also be due to the co-location of substrates and microbes on the biochar surfaces, which decreases the microbial need for enzyme synthesis and production (Lehmann et al. 2011) .
Results showed that the effect of biochar on the specific BG activity (activity per either SOC or MBC units) was different from that on the potential BG activity (activity per soil Fig. 4 The K m , V max and catalytic efficiency (V max /K m ) values of β-glucosidase (BG) in unamended control soils (CK) and soils amended with maize residue and its biochar. Values are mean ± standard errors (n = 4). Different letters represent significant differences between treatments by Tukey's test at α = 0.05 mass). In general, biochar application resulted in consistent decreases in the specific activity of BG per unit of SOC and MBC in both soils. In fact, SOM and MBC increased more than BG activity (113-230% for SOM and 109-116% for MBC vs. 8-80% for BG activity) by biochar addition in the sandy loam soil, resulting in a steady decline of the specific BG activity. This finding implies that the BG activity is less sensitive than SOM and MBC pools to biochar application. Results also indicate that the substrate availability and quality, and microbial community structure could be the main factors driving BG activity and reaction rate in biochar-amended soils. The decline in the activity of BG per unit of SOC in biochar-treated soils could be related to the lower availability of aromatic substrates originating from the maize residue biochar for enzymatic action. The fact that the specific activity of BG per SOC was lower in biochar-treated soils than in the corresponding control soils may reflect a greater SOM accumulation following biochar addition. This would mean higher SOC contents in the soil are associated with lower BG activity per SOC unit, in agreement with the findings of previous studies (Raiesi and Beheshti 2014) , where a negative correlation between enzyme activity per SOC unit and SOC content was observed. Thus, the potential use of specific activity of soil BG per SOC seems quite promising for quantifying and monitoring biochar impacts on enzyme catalytic reaction rate and thus C sequestration in biochar-amended soils. The lower value of specific BG activity per MBC in biochar-amended soils could show a decline in enzyme production and release by microorganisms (Bastida et al. 2008) or a change in the microbial community composition that are not metabolically active (Waldrop et al. 2000; Lagomarsino et al. 2011) . The microbial community composition and biomass size determine directly or indirectly the potential for enzyme synthesis and production, and thus any alteration in the soil microbial community due to biochar addition should be reflected in the level of soil enzymatic activity (Waldrop et al. 2000; Nannipieri et al. 2002; Lehmann et al. 2011; Gul et al. 2015; Chen et al. 2018 ). The lower BG activity per unit of MBC in soils receiving biochar may also imply metabolically less active microorganisms or decreased BG efficiency (i.e., lower BG synthesis by the soil microflora).
Impact of biochar on BG kinetic parameters
As hypothesized, the kinetic parameters were affected by biochar addition and application rate. Decreased K m values in the sandy loam soil show an increased affinity of BG for the substrate or the presence of different isoenzymes (i.e., enzymes with similar function but different structure) in biochar-treated soils. The K m value of an enzyme is a reflection of isoenzymes released by different sources of microbial communities (Farrell et al. 1994; Tabatabai and Dick 2002) . Increased V max values reflect a greater amount of BG production after biochar addition. The V max parameter can be used as a proxy indicator of active enzyme concentration and the total amount of enzyme present (Knight and Dick 2004) .
The addition of biochar containing a small amount of labile substrate available for BG reaction and high nutrients may have increased the activity of cellulose-decomposing microorganisms either by stimulating the growth of microbial communities with constitutive enzyme, or by stimulating inductive enzyme synthesis in microbial cells (Wu et al. 2013; Ouyang et al. 2014) . Alternatively, improved soil chemical and biochemical properties following biochar incorporation could also promote the activity and growth of BG-producing microorganisms. These arguments are supported by the positive correlations between the V max values and soil (bio)chemical properties including SOM, MR and MBC (Table 2 ). The K m values were also found to correlate negatively with SOM, MR and MBC (Table 2 ). These imply that the decreased K m (increased enzyme affinity) and increased V max (increased BG concentration) are to a large extent related to the increases in substrate availability, microbial activity and microbial biomass. Our results further suggest that biochar serves as a potent activator and that evidently the adsorption and immobilization of BG on biochar did not decrease the V max values and did not increase the K m values (did not decrease the BG affinity for substrate) in the sandy loam soil. In agreement with Lammirato et al. (2011) , the loosely adsorbed BG and its immobilization on biochar could maintain its catalytic structure and activity in soils with light texture. In another study, Daoud et al. (2010) immobilized the cellulase from Aspergillus niger on a commercial activated carbon powder with the retention of 70% of the native enzyme activity.
The K m constant may also be used as an indication for the level of enzyme adsorption or accessibility (Marx et al. 2005) . If BG was sorbed by biochar in such a way as to block the active site of the enzyme or in a way that acted to modify the conformational structure of the enzyme, its activity and affinity for cellobiose would be expected to decline. Consequently, the higher V max and lower K m values in the biocharamended sandy loam soil may also suggest that little or no conformational change in the enzyme structure had occurred and that the accessibility of the enzyme to its substrate was increased, as indicated by high BG activity and catalytic efficiency in the sandy loam soil treated with biochar. The immobilized phosphatases on inorganic and/or organic supports exhibited lower K m values than the free enzyme (Rao et al. 2000; Rosas et al. 2008) , and thus demonstrated an improved catalytic activity upon immobilization. Phosphatase-clay complexes showed an increase of both enzymatic activity (higher V max value) and enzyme-substrate binding affinity (lower K m values) as compared to the free enzyme, and increased the catalytic efficiency (Rosas et al. 2008) . Further evidence for our hypothesis is the positive correlation between the potential BG activity and the V max values, and its negative relationship with the K m values. As a result, our findings suggest changes in BG concentration and affinity would play a key role in the response and function of BG in the sandy loam soils amended with maize residue biochar. Although not significant, there was a negative correlation (r = − 0.41) between substrate affinity (K m ) and the SOM content in the sandy loam soil (Table 2) , suggesting a re-location of the enzyme due to quantitative and qualitative changes in the SOM pool following biochar incorporation. It appears that the biochar surface is more suited to immobilize the BG, and the enzyme could find the most appropriate conformation on the biochar surface to establish an interaction with the substrate. This further supports our proposed hypothesis that the adsorption is caused mainly by weak van der Waals forces to modify the structure of the enzyme and thus BG activity is maintained due to the weakness of these 1 3 bonds. The immobilized BG might then obtain an optimal condition for positive interaction with free diffusion of substrate molecules.
Nonetheless, responses of the BG kinetic parameters to biochar in the clayey soil were different from the sandy loam soil, demonstrating that the response of BG kinetic parameters to biochar is a function of soil texture. The K m values of BG remained unaffected (indeed, the K m value was decreased by 3-10% but not statistically significant) probably due to the high variability to detect biochar effects (Fig. 4) , while the V max values were increased by biochar addition to the clayey soil. This suggests that the immobilized BG had the same affinity for the substrate, regardless of whether soil amended or unamended. Again, this finding shows the adsorbed BG would still maintain its structure and activity without an impact on its affinity for the substrate. In addition, this study indicates that the BG V max was more sensitive to biochar addition than the BG K m . The V max values in the unamended soils were higher in the clayey than sandy loam soils, and this difference became remarkably greater with biochar addition. This differential response may have resulted from greater clay and SOM contents with a larger surface area in the clayey soil (Table 1 ). The amount of BG adsorbed was higher in fine soil colloids than coarse soil colloids due to the difference in mineral and organic constituents as well as surface properties (Yan et al. 2010 ). In the clayey soil, it is possible that biochar particles could increase the expression of BG activity by coating organoclay surfaces and thereby permit soluble substrates to reach the enzyme molecules. Another alternative is that the adsorption of enzyme was presumably accompanied by the adsorption of substrate onto organo-clay surfaces, resulting in a greatly enhanced hydrolysis as the effective concentration was increased. If this is the case, the adsorbed enzyme continued to hydrolyze the substrate, which had also been concentrated on the surface of the organo-clay complexes. On the other hand, substrate adsorption onto biochar or organo-clay surfaces may build a concentration of substrate that stimulates enzyme production. Furthermore, the enzyme adsorption onto organo-clay surfaces could act to enhance or maintain enzyme activity if the sorption does not lead to the conformational change of the enzyme and served to stabilize the enzyme structure. The overall results seem to suggest that biochar addition and BG adsorption on biochar surface not only maintained but also enhanced its catalytic activity in the light-textured soil as compared with the control soil. Thus, the observed changes in the BG kinetic parameters with biochar incorporation can be used to improve uncertainty analysis and incorporate enzymatically mediated processes into SOM decomposition and other biogeochemical models ).
Experimentally, very few studies investigated the reaction of enzyme V max and K m to biochar in the literature, with inconsistent trends in terms of the changes in these kinetic parameters. Jin (2010) reported a decline in the kinetic parameters for the enzymes involved in cellulose hydrolysis such as β-glucosidase and cellobiosidase with application of corn biochar. Likewise, reduced V max and K m values of the denitrification enzyme activity were observed in the soil amended with biochars obtained from different feedstocks (Chintala et al. 2015) . In a recent study, Khadem and Raiesi (2019) indicated that the kinetic parameters of alkaline phosphomonoesterase declined following addition of maize residue biochars to a soil with coarse texture, while an opposite effect was observed in the soil with fine texture. Accordingly, responses of enzyme kinetic parameters to biochar in the soil can vary, and are anticipated to depend largely on the nature and type of the assayed enzyme, biochar source and soil texture. This might mainly account for the discrepancies between our study and those of published results.
Impact of biochar on BG thermodynamic parameters
Generally, addition of biochar lowered the BG thermodynamic parameters in both soils, with a stronger effect in the sandy loam soil than the clayey soil. This uncovers the ecological significance of the BG thermodynamic parameters for the enzymatic depolymerization of cellulose biopolymer in the soils amended with pyrolysis products. A low E a value in biochar-amended soils would imply that less energy is required for the BG hydrolytic reaction to initiate and the formation of the transition state; and a low ΔH a value suggests less energy is needed for the formation of the reaction products (Juma and Tabatabai 1988) . The lower the ΔH a value, the smaller the amount of stretching, squeezing or even breaking of chemical bonds to reach the transition state (Rao et al. 2000) . Our finding suggests that small E a and ΔH a values with biochar addition would lead to a higher rate of BG reaction, particularly in the sandy loam soil. This is supported by higher V max values and lower K m values with application of biochar to the study light-textured soil. The positive correlation between the E a and K m values ( Table 2 ) further supports that the increased BG affinity for substrate resulted in a decline in the E a values. It was established that lower E a values are associated with higher enzyme-substrate binding affinity (Perucci and Scarponi 1984) . The lower values of E a and Q 10 in the biochar-treated soils may also reflect a lower dependence of BG activity on temperature and the thermal stability of soil BG. Therefore, BG reaction occurring during the later stage of hydrolytic depolymerization of cellulose will thermodynamically be more favored in biochar-amended than unamended soils. The results of this study are consistent with those reported by Paz-Ferreiro et al. (2015) who observed a decline in E a and Q 10 values for several soil hydrolases including BG with application of poultry litter biochar. The Q 10 and E a values of SOC decomposition were also decreased in soils amended with corn-cob biochar (Pei et al. 2017) . Biochar reduced the temperature sensitivity of soil respiration and native C mineralization due to the recalcitrant nature of biochar C (Fang et al. 2014b; Chen et al. 2018) . Conversely, previous studies reported increases in E a and ΔH a values for denitrifying enzyme activity (Chintala et al. 2015) and for alkaline phosphomonoesterase (Khadem and Raiesi 2019 ) with biochar application due to low substrate affinity. Typically, the behavior and thermodynamic properties of the soil enzymes depend on the intrinsic nature of the enzymes (Trasar-Cepeda et al. 2007) ; and several other factors including soil type, and biochar source and addition rate of biochar could determine the direction of responses (Fang et al. 2014b; Chen et al. 2018) . The findings of this study indicate that in biochar-amended soils BG maintains its structure from thermal degradation and thus, the resistance of BG to increasing temperature has an important implication for its response to the predicated global warming. This might be partly due to the BG immobilization on or around biochar particles since the E a , ΔH a and Q 10 values for the immobilized BG were smaller than those with free enzyme (Yan et al. 2010) . Lower Q 10 values of biochemical reactions after biochar application may evoke a decline in soil C loss under global warming, particularly in coarse-textured soils. This is confirmed by the negative correlations between Q 10 values and other soil attributes such as SOM, MR and MBC observed in the sandy loam soil (Table 2) . Our results also showed that the thermodynamic parameters of soil BG were more influenced by biochar addition and soil texture than its addition rate.
Considering the crucial effect of soil BG on SOM mineralization, C sequestration and greenhouse gas emissions (Stott et al. 2010; Wang et al. 2013; Peregrina et al. 2014) , it is, therefore, important that the temperature sensitivity of soil BG and the alterations in its thermodynamic parameters should be included in the SOM and biochar decomposition models for improving the exiting C dynamic models and for predicting the effects of global climate change on C cycling and sequestration in the soils receiving biochar amendments (Wallenstein and Weintraub 2008; Wang et al. 2013 ).
Concluding remarks
To our knowledge, the kinetic and thermodynamic parameters for BG have been estimated and documented for the first time in biochar-amended soils. Short-term responses of soil BG activity and kinetic parameters to biochar are largely governed by soil texture. High application rate of maize residue biochar produced at 600 °C increased BG activity, its affinity for substrate (decreased K m ) and its concentration (increased V max ) in the sandy loam soil. In the clayey soil, biochar decreased BG activity and increased the V max value without an impact on its substrate affinity. Declined specific BG activity with addition of maize residue biochar was found to be a more consistent parameter than enhanced absolute BG activity for quantifying the net effect of biochar on the activity of this cellulose-degrading enzyme. The BG adsorption on biochar surfaces seemed to be caused principally by interactions such as van der Waals forces and hydrogen bonding or hydrophobic interactions. The sorption of soil BG to biochar surface would not result in a negative influence on its catalytic reaction rate, but would lead to an additional thermal stability and less sensitive microbial BG to increasing temperature. Changes in BG kinetic and thermodynamic parameters with biochar application could affect the rate of C cycling and sequestration in biochar-amended soils. Therefore, the inclusion of more realistic parameters of BG and the influences of biochar into SOM mineralization and biogeochemical models will permit to simulate more convincingly C cycling and sequestration, and greenhouse gas emissions under global warming. Nevertheless, more studies are needed to confirm if these biochar effects are consistent for other C cycling enzymes and biochar or soil types.
